Recent advancements in the imaging of low-surface-brightness objects revealed numerous ultradiffuse galaxies in the local Universe. These peculiar objects are unusually extended and faint: their effective radii are comparable to the Milky Way, but their surface brightnesses are lower than that of dwarf galaxies. Their ambiguous properties motivate two potential formation scenarios: the "failed" Milky Way and the dwarf galaxy scenario. In this paper, for the first time, we employ X-ray observations to test these formation scenarios on a sample of isolated, low-surface-brightness galaxies. Since hot gas X-ray luminosities correlate with the dark matter halo mass, "failed" Milky Way-type galaxies, which reside in massive dark matter halos, are expected to have significantly higher X-ray luminosities than dwarf galaxies, which reside in low-mass dark matter halos. We perform X-ray photometry on a subset of low-surface-brightness galaxies identified in the Hyper Suprime-Cam Subaru survey, utilizing the XMM-Newton XXL North survey. We find that none of the individual galaxies show significant X-ray emission. By co-adding the signal of individual galaxies, the stacked galaxies remain undetected and we set an X-ray luminosity upper limit of L 0.3−1.2keV ≤ 6.2 × 10 37 (d/65Mpc) 2 erg s −1 for an average isolated low-surface-brightness galaxy. This upper limit is about 40 times lower than that expected in a galaxy with a massive dark matter halo, implying that the majority of isolated low-surface-brightness galaxies reside in dwarf-size dark matter halos.
INTRODUCTION
The population of ultra-diffuse galaxies (UDGs) was discovered decades ago in the Virgo Cluster (e.g. Sandage & Binggeli 1984) . The central surface brightness of these galaxies is lower than that of dwarf galaxies (µ 0 (g) 24 mag arcsec −2 ), but their effective radius is comparable to the Milky Way (r eff 1.5 kpc) (van Dokkum et al. 2015a) .
Recent technological advancements in the observations of low-surfacebrightness systems refocused the interest on UDGs (van Dokkum et al. 2014) . Specifically, the Dragonfly Telephoto Array identified a large population of UDGs in the outskirts of the Coma cluster (van Dokkum et al. 2015b) , which was followed by the discovery of UDGs in various environments (e.g. Mihos et al. 2015; Martínez-Delgado et al. 2016; Merritt et al. 2016; Román & Trujillo 2017; van der Burg et al. 2017; Bellazzini et al. 2017; Leisman et al. 2017; Greco et al. 2018) .
Despite the ubiquity of UDGs, their evolutionary path remains ambiguous with two main formation scenarios. UDGs may either be "failed" massive galaxies, which lost their gas at high redshift, thereby preventing any further star formation (e.g. van Dokkum et al. 2015a van Dokkum et al. , 2016 . Alternatively, UDGs may be spatially extended dwarf galaxies, which form by feedback driven gas outflows (e.g. Beasley & Trujillo 2016; Amorisco & Loeb 2016) . A major difference between these scenarios is the dark matter halo mass of the galaxies. While the former scenario suggests massive dark matter halos (M 200 10 11 M ⊙ ), in the latter scenario, UDGs reside in dwarf-size halos (M 200 3 × 10 10 M ⊙ ). In addition, Zaritsky (2017) suggests that red and blue UDGs may not be a single population, their halo masses could cover a range of masses, and they could be the product of multiple formation scenarios.
Since the X-ray luminosity of the hot gas is a robust tracer of the dark matter halo mass (Kim & Fabbiano 2013; Babyk et al. 2018) , it is worth exploring the Xray properties of UDGs. The main contributors of the hot halo gas are the primordial gas accreted at the epoch of galaxy formation, and stellar yields ejected from evolved stars, which then gets heated to the virial temperature of the galaxy (Mathews & Brighenti 2003; Bogdán & Gilfanov 2008) . If UDGs reside in massive halos, they should retain a significant amount of hot gas. If, however, UDGs preferentially live in dwarf-size halos, they are not likely to have any X-ray emitting gas due to their shallow potential well. Therefore, probing the X-ray gas content of UDGs can constrain their dark matter halo mass and hence their formation mechanism. X-ray observations of field UDGs are demanding with present-day X-ray observatories. Searching for UDGs in galaxy clusters may be more promising, but the underlying emission from the intracluster medium may suppress any faint X-ray emission from UDGs. The individual 29  30  31  32  33  34  35  36  37  38  39 
The sky distribution of a subsample of LSBGs (black and red stars) identified by Greco et al. (2018) in the Subaru HSC-SSP survey overplotted with known sources of the XMM-Newton XXL North survey (purple points) (Menzel et al. 2016; Liu et al. 2016) . We marked LSBGs whose position overlaps with the X-ray field with black stars, and those that are outside the X-ray field with red stars. Sky positions are specified in equatorial coordinates (J2000).
properties of UDGs cannot be probed based on currently available X-ray observations. However, employing a large sample of UDGs and co-adding (i.e. stacking) the X-ray emission associated with individual galaxies may provide the sensitivity needed to constrain the X-ray luminosity, and, hence the halo mass of the average UDG population. The advantage of the stacking analysis is that it probes the average UDG population, and removes the distorting effects of outliers and selection effects.
THE GALAXY SAMPLE
A large population of LSBGs was identified in the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP). Based on the first 200 deg 2 of the survey, Greco et al. (2018) detected 781 LSBGs. These galaxies have a wide range of morphologies (Greco et al. 2018) , and a fraction of the sample, depending on the distance of the galaxies, may be UDGs. It is important to differentiate between LSBGs and UDGs, because these galaxies could have vastly different evolutionary scenarios. While LSBGs are genuine dwarfs, UDGs may be either dwarf or failed massive galaxies.
Part of the HSC-SSP footprint coincides with the XMM-Newton XXL North survey, that maps a region of 25 deg 2 using 10 ks exposures (Menzel et al. 2016) . Combining the optical and X-ray surveys allows a unique way to probe the average X-ray emitting properties of LSBGs. To determine our galaxy sample, we cross-correlated the list of LSBGs identified by Greco et al. (2018) with the footprint of the XXL-North survey. We identified 58 galaxies whose position overlaps with the XXL-North field (Figure 1 ). We rejected observations with high background levels, which reduced the final sample size to 51 galaxies (see Appendix).
The apparent magnitude of the galaxies is m i = 18 − 22 mag, and the color indices are g − i = 0.3 − 1.1 mag, suggesting the presence of both early-and late-type galaxies, in agreement with the general population of LSBGs in the HSC survey. The i-band central surface brightnesses are µ 0 (i) = 20 − 26 mag arcsec −2 . We note that ∼90% of the galaxies have µ 0 (i) > 23 mag arcsec −2 , which is the threshold central surface brightness in the i-band for UDGs (Muñoz et al. 2015; Yagi et al. 2016) . The projected effective radius of the galaxies is in the range of r eff = 3 ′′ − 9 ′′ with a mean of 4.6 ′′ . The distance of most galaxies is unknown, although, 6 LSBGs from the full sample of 781 LSBGs have spectroscopic redshifts and 27 systems are projected to the proximity of a galaxy group (Greco et al. 2018) . Based on these, the galaxies likely have a distance of ∼30 − 100 Mpc (Greco et al. 2018) , implying mean effective radii of 0.7 kpc and 2.2 kpc at a distance of 30 Mpc and 100 Mpc, respectively.
To estimate the stellar mass of the galaxies, we used the i-band magnitudes along with the stellar mass-tolight ratio inferred from the g − i color indices (Bell et al. 2003) . The mean stellar mass of the galaxies is M ⋆ = (0.1 − 1.2) × 10 8 M ⊙ for the distance range of d = 30 − 100 Mpc, implying that our sample consists of galaxies with stellar masses typically observed for dwarf galaxies.
We performed cone searches using the NASA/IPAC Extragalactic Database to infer the environment of the galaxies. We defined a search volume around each galaxy with a radius of 0.5 Mpc at the assumed distance of 65 Mpc. The specific search radius of 0.5 Mpc was chosen considering the virial radius of a typical galaxy group (Lovisari et al. 2015) . We found that 48 of the 51 LSBGs do not have detected neighbors, while 3 LSBGs have ≤ 3 neighbors. Hence, our sample is a homogeneous sample of field LSBGs.
To differentiate between LSBGs and UDG candidates, we rely on µ 0 (i). We define 17 galaxies, i.e. one-third of the sample with the lowest i-band central surface brightness (µ 0 (i) = 24.5 − 26.3 mag arcsec −2 ) as UDG candidates, and 17 galaxies with the highest i-band central surface brightness (µ 0 (i) = 20.5 − 23.5 mag arcsec −2 ) as LSBGs. We also split our sample based on their color and use the g − i = 0.7 color index to differentiate between blue and red galaxies (Gavazzi et al. 2010 ). This separated our sample to 29 blue and 22 red galaxies. The projected effective radii of the UDG candidate/LSBG and blue/red subsets do not show significant differences between the subsets.
ANALYSIS OF THE XMM-NEWTON DATA
We collected the raw XMM-Newton EPIC-PN data within the XMM-XXL footprint and identified the LSBGs within each observation. The list of analyzed observations is listed in the Appendix.
We analyzed the data using the Science Analysis System software package, following Bogdán et al. (2017 Bogdán et al. ( , 2018 . Specifically, we identified and removed flare contaminated time intervals, using a two step filtering procedure. First, we calculated good time intervals (GTI) with 100 s time bins in the 12 − 14 keV band. Second, we filtered out any remaining flares in the 0.3 − 10 keV band with 10 s binning. We applied 2σ clipping for both cases. We also excluded the out of time events, and events that are at the border of the CCDs. The original and filtered exposure times are listed in the Appendix.
We created filtered event files and exposure maps in the 0.3 − 1.2 keV band. We rejected events above 1.2 keV, since the characteristic temperature of the hot gas around the LSBGs is not expected to exceed kT ∼ 0.2 keV.
Then, we identified bright point sources, mostly originating from background AGNs. We performed the source detection on the cleaned images weighted by their respective exposure and PSF maps. Finally, we excluded the detected sources from the images and exposure maps.
RESULTS
Since the X-ray luminosity of the hot gas is a tracer of the dark matter halo mass (Kim & Fabbiano 2013; Babyk et al. 2018 ), we measured the 0.3 − 1.2 keV X-ray luminosities for individual galaxies and for the stacked galaxy samples. Note that these empirical relations were established for early-type galaxies, but they may be applicable for late-type galaxies. Indeed, based on a small sample of nearby systems with stellar masses of (1 − 6)× 10 11 M ⊙ , Bogdán & Gilfanov (2011) established that at the same stellar mass the hot gas content of earlyand late-type galaxies are similar. -Empirical relation between the 0.3 − 8 keV band X-ray luminosity of hot diffuse gas and the total gravitating mass within 5r eff (red line).
We place an upper limit of L 0.3−8keV ≤ 6.4 × 10 37 erg s −1 on the average X-ray luminosity of field LSBGs assuming a distance of 65 Mpc. The X-ray luminosities of a sample of elliptical galaxies from Kim & Fabbiano (2013) is shown with purple points. Galaxies with M (< 5r eff ) ∼ 2×10 11 M ⊙ (or M 200 = 8 × 10 11 M ⊙ ) are expected to have L 0.3−8keV ≈ 2.4 × 10 39 erg s −1 , which is ∼40 times higher than the upper limit obtained for the LSBGs of this study.
We carried out photometry on the individual galaxies. We derived the source counts using a circular aperture with 13 ′′ radius, which, at a distance of 65 Mpc, corresponds to 4 kpc. To account for the background emission, we used annuli with 60 ′′ − 120 ′′ radii. We did not obtain statistically significant detections for any of the individual galaxies.
To increase the signal-to-noise ratio, we co-added the X-ray emission associated with the individual galaxies. For the full sample of 51 LSBGs, this resulted in a total exposure time of 381.1 ks. We did not detect statistically significant emission from the stacked data, implying that the X-ray brightness of LSBGs remains below the detection threshold. We also stacked the subset of 17 UDG candidates and the 17 LSBGs as well as the subset of blue and red galaxies in our sample. We did not detect X-ray emission in any of the subsets.
In the absence of detections, we set upper limits on the average luminosity of galaxies by calculating the confidence bounds of the stacked signal. We defined the 95% confidence region of the distribution, and used the upper confidence bound of the count rate as an upper limit. To convert the count rate to flux, we assumed that the emission from the hot gas can be described with an optically-thin thermal plasma model. Specifically, we assumed a gas temperature of kT = 0.2 keV and a metallicity of 0.2 solar, which are typical in low-mass elliptical galaxies (e.g. Boroson et al. 2011; Goulding et al. 2016) . Based on the resulting count rate upper limit of ≤ 1.0 × 10 −4 counts s −1 , we estimate the upper limit on the flux of F X ≤ 1.3 × 10 −16 erg s −1 cm −2 for the full 2016, 2017) . Using its effective radius of 4.6 kpc and assuming an NFW dark matter halo profile, we estimate that it has a total mass of M (< 5r eff ) ∼ 2 × 10 11 M ⊙ . Based on the L X − M (<5r eff ) scaling relation, this total mass is linked with an X-ray luminosity of L 0.3−8keV ≈ 2.4 × 10 39 erg s −1 in the 0.3 − 8 keV band. However, the luminosity upper limit measured for the sample of 51 field LSBGs, with an assumed distance of 65 Mpc, is L 0.3−1.2keV ≤ 6.2 × 10 37 erg s −1 in the 0.3 − 1.2 keV band. After converting the X-ray upper limit luminosity to the 0.3 − 8 keV band, we obtain L 0.3−8keV ≤ 6.4 × 10 37 erg s −1 . This value is ∼40 times lower than that expected for a galaxy with a massive dark matter halo. A similar conclusion is obtained for the subset of 17 UDG candidates and the subset of 17 LSBGs with 0.3 − 8 keV as well as for the blue and red galaxy subsets.
Based on these, we conclude that the dominant population of isolated LSBGs do not host a significant amount of hot X-ray gas, suggesting that they have dwarf-size dark matter halos. Thus, most isolated LSBGs are not "failed" Milky Way-type galaxies, but they are likely spatially extended dwarf galaxies. These results are in agreement with semi-analytical and hydrodynamical galaxy formation simulations, which also suggest that UDGs are formed in low-mass dark matter halos (Rong et al. 2017; Liao et al. 2019) . We emphasize that because of the stacking analysis, our results refer to the average galaxy population, hence does not exclude the possibility that a small fraction of galaxies may be luminous and form through the failed Milky Way-scenario.
We note that our conclusion is virtually independent of the distance of the galaxies assuming that most of them lie in the distance range of 30 − 100 Mpc (Greco et al. 2018) . Indeed, if the average distance of the LSBGs is 100 Mpc, the observed upper limit is ∼16 times lower than that expected from a galaxy with massive dark matter halo. If, however, the average distance is 30 Mpc, the upper limits are ∼180 times lower than the X-ray luminosity expected from a galaxy residing in a massive dark matter halo. However, the galaxy sample in this study consists of isolated galaxies. Our results, therefore, may not apply for UDGs in dense environments, such as Dragonfly 44, for which it is unclear if it is an archetypal or an atypical UDG.
Luminosity contribution of X-ray binaries
The stacked X-ray luminosity measured in the 0.3 − 1.2 keV band is an upper limit on the total X-ray emission associated with the galaxies. The total X-ray luminosity, in addition to the primordial gas emission, includes the emission of the X-ray binary population. Although X-ray binaries are not detected in any of the UDGs in the XMM-Newton data, their contribution to the diffuse emission can be estimated considering the correlations between the host galaxy properties and the number of sources. Specifically, low-mass X-ray binaries (LMXBs) are stellar mass tracers, while high-mass X-ray binaries (HMXBs) are star formation rate tracers.
Based on the scaling relation obtained for nearby galaxies (Gilfanov 2004 ) and the average stellar mass of the galaxies assuming a distance of 65 Mpc (see Section 2), we estimate that unresolved LMXBs contribute with 9.8 × 10
35 erg s −1 luminosity in the 0.3 − 1.2 keV band. From the simulations of Rong et al. (2017) , we assume an average star-formation rate of 9.7 × 10 −5 M ⊙ /yr per galaxy. Based on the scaling relation obtained for star-forming galaxies (Mineo et al. 2012) , we expect 1.1 × 10 35 erg s −1 luminosity from the population of unresolved HMXBs in the 0.3 − 1.2 keV band assuming a distance of 65 Mpc. These luminosities are significantly lower than the upper limit obtained for the population of LSBGs.
Stellar yields
During their evolution, evolved stars, such as asymptotic giant branch stars, eject a significant amount of gas to their interstellar environment. After enriched with metals and heated up by supernova explosions, the gas can be observed as diffuse X-ray emission across the galaxy, assuming that the gas is retained in the halo. Considering the contribution of stellar yields is important, because even if the primordial gas was expelled in the early phases of galaxy evolution, stellar yields should be observable at the present epoch.
To compare the luminosity of the gas restored into the interstellar medium with the measured luminosity upper limit, we first calculate the mass originating from stellar yields. We rely on Knapp et al. (1992) , who obtained a mass loss rate of ∼0.0021 L K /L K,⊙ M ⊙ Gyr −1 from evolved stars in elliptical galaxies. Assuming a stellar age of t ⋆ = 10 Gyrs and an average K-band mass-tolight ratio of M ⋆ /L K = 0.99 (Bell et al. 2003) , we es-timate that in a galaxy with M ⋆ = 5.1 × 10 7 M ⊙ , the total mass loss from evolved stars is about 1.1 × 10 6 M ⊙ . We use this mass to calculate the corresponding X-ray luminosity, and assume an XSPEC apec model with gas temperature of 0.2 keV, an abundance of 0.2 solar, and a distance of 65 Mpc. In the 0.3 − 1.2 keV band, this gas mass corresponds to a luminosity of 8.6 × 10 39 erg s −1 , which is 140 times higher than the upper limit obtained for LSBGs (Table 1) .
The absence of hot gas from stellar yields can be explained by the shallow potential well of LSBGs. In this picture, both supernovae and/or AGN driven winds may be energetic enough to sweep out interstellar medium from the potential well of the galaxies, resulting in negligible X-ray luminosities from the diffuse gas (David et al. 2006; Bogdán & Gilfanov 2008; Bogdán et al. 2012) . This strengthens the conclusion that most field LSBGs and UDG candidates reside in low-mass dark matter halos, suggesting that they are not "failed" Milky Way type galaxies.
appendix
We list the analyzed XMM-Newton observations, the coordinates, and properties of the the low-surfacebrightness galaxies in Table 2 . Columns are as follows: (1) XMM-Newton identifier of the analyzed observation; (2) unique galaxy identifier taken from Greco et al. (2018) ; (3) and (4) coordinates of galaxies in decimal degrees (J2000) (Greco et al. 2018 ); (5) projected effective radii; (6) i-band central surface brightness; (7) g − i color indices of galaxies (Greco et al. 2018) ; (8) and (9) original and clean PN exposure times.
